With ever shrinking dimensions in microelectronics, the conductivity performance of charge carriers approaches physical limits and demands tighter control. We show that near-field microscopy carried out at sufficiently long infrared wavelengths-below the plasma frequency-selectively detects and characterizes subsurface mobile carriers with 30 nm resolution, timely for next generation chips as well as for fundamental research, e.g., on low-dimensional electron systems. © 2000 American Institute of Physics. ͓S0003-6951͑00͒00850-0͔
With ever shrinking dimensions in microelectronics, the conductivity performance of charge carriers approaches physical limits and demands tighter control. We show that near-field microscopy carried out at sufficiently long infrared wavelengths-below the plasma frequency-selectively detects and characterizes subsurface mobile carriers with 30 nm resolution, timely for next generation chips as well as for fundamental research, e.g., on low-dimensional electron systems. © 2000 American Institute of Physics. ͓S0003-6951͑00͒00850-0͔
Charge transport in narrow and/or short conductors has many fundamentally interesting effects ͑ballistic transport, phase coherence, energy discretization͒ 1 that become increasingly important as electronic circuits approach the nanometer scale. To map and test submicroscopic conducting structures in a contactless manner one could use nearfield optical techniques, but not in the visible where the optical response is weak unless the carrier density n is very high ͑nearly metallic͒. The appropriate spectral region to test semiconductor carriers is the infrared, with wavelengths longer than p ϭ2c/ p ϭ ͱ c 2 m*/ne 2 , where p is the plasma frequency and m* is the effective mass, typically p Ϸ30 m for nϭ10 18 cm Ϫ3 . This infrared region contains the majority of the oscillator strength of the Drude conductivity. Infrared probing has, in fact, successfully characterized small and low-dimensional semiconductors, 2 with spectral but not spatial resolution, where a regular array of conducting structures presents an effective infrared response. Effective-medium theory 3,4 has been used to retrieve the infrared-conductive response of the single conductor. Here we show how to probe conductivity in a direct way ͑thus enabling a test of effective medium theories͒ using the probe tip in a scattering-type ͑apertureless͒ scanning nearfield optical microscope ͑s-SNOM͒. Resolution of better than /100 has been achieved before with s-SNOMs in both the visible 6 and infrared. [7] [8] [9] The scattering interaction between tip and sample is described by quasielectrostatic theory: calculating the combined scattering of the tip dipole, together with its image in the sample, has proven adequate to explain recent infrared mapping of polymers by vibrational absorption contrast ͑''chemical microscopy''͒ 9 and also optical mapping of metals. 10 Our experiment ͑Fig. 1͒ uses a tapping-mode scanning force microscope as a basis on which we superimpose an infrared channel. 9 The scanning tip has two infrared optical functions, ͑i͒ to intercept and reradiate infrared radiation like an antenna, and ͑ii͒ to supply a localized infrared field at the very tip apex, thus probing the infrared interaction with the nearby sample at distance z. We use a CO 2 laser which is step tunable in the 9.2-10.7 m region. A focal spot of about 12 m diameter is projected by a Cassegrain objective ͑Ealing, NAϭ0.5͒ at 45°incidence. We use free-standing metal grid elements to set the polarization in the incidence plane and attenuate the power to 10 mW ͑Lasnix, http:// come.to/lasnix͒. A commercial cantilevered tip ͑Silicon-MDT, http://siliconmdt.com͒ is Au coated and vibrates at ⍀Ϸ40 kHz with amplitude ⌬zϭ60 nm. The scattered radiation is measured by a mercury cadmium telluride detector followed by a lock-in amplifier to select the modulated signal part at 2 ⍀ and to suppress background signals. 11 Figure 2 shows the observed infrared near-field image of a Si sample which was prepared with highly conducting 250 nm wide stripes in a 30 nm thick subsurface layer, 12 designed to have a free electron density n e ϭ5ϫ10 19 cm Ϫ3 . The topography is rather flat ͓Ϸ0.1 nm, see Fig. 4͑b͔͒ but the stripes show up clearly as positive infrared contrast, i.e., giving enhanced near-field scattering.
To understand the observed contrast quantitatively we calculate the near-field scattering efficiency from quasielectrostatic theory. 9, 11 The decisive sample property is the complex dielectric function, which in the simplest case has two parts, ⑀ S ϭ⑀ L ϩ⑀ Drude (), where the first is real and comes from the lattice, ⑀ L ϭ11.7 for Si, and the second is due to mobile carriers, ⑀ Drude ()ϭϪ p 2 /( 2 ϩi Ϫ1 ), where is the mean free time between collisions. As outlined previously, 9 the probing tip ͑radius of curvature a͒ has a polarizability ␣ and induces an image dipole in the sample characterized by the polarizability ␣␤ where ␤ϭ(⑀ S Ϫ1)/(⑀ S ϩ1). 
͑1͒
With a measurement of the scattered intensity Iϰs 2 ͑Ref. 11͒
we define conductivity contrast as ϭ(IϪI 0 )/I 0 where I 0 refers to an undoped area. Figure 3 shows the calculated result for Si where p ϭ12. Surprisingly, the near-field interaction yields a resonant response at frequency r defined by ⑀ S ϭϪ1 which occurs at r Ϸ p /4 for Si. 13 For practical application, Fig. 3 predicts significant near-field contrast for over an order of magnitude in plasma frequency, equivalent to over two orders of magnitude in carrier density.
Replotting for two wavelengths of the CO 2 laser ͓Fig.
4͑d͔͒ we see that the expected near-field contrast happens to be most sensitive near our sample's design electron density n e ϭ5ϫ10 19 cm Ϫ3 . Figure 4 shows the result of repeating the infrared near-field experiment at four wavelengths between 9.25 and 10.59 m. The sign of the observed contrast changes from positive at the longer wavelengths to negative at the shorter, in excellent agreement with the predictions. The size of the contrast, 1.5% and 2.5% for 10.59 and 9.25 m, respectively, appears however too small by nearly an order of magnitude. This can be well understood by unavoidable background scattering 11 much as reported before with infrared polymer near-field imaging. 9 We therefore scale up the measured contrasts to fit the calculated curves ͓data points in Fig. 4͑d͔͒ , from which the electron density is determined to be (4.2Ϯ0.2)ϫ10
19 cm Ϫ3 . The fair agreement with the design density proves the conductivity-based mechanism of the near-field contrast. Furthermore Fig. 4͑a͒ reveals details such as a contrast minimum at the edges of the doping stripes ͑arrows͒, indeed as expected from the calculated curves ͓Fig. 4͑d͔͒, thus presenting direct evidence of a smooth decrease of the electron density across the space charge regions between the doped stripes and the intrinsic Si.
In summary, we have shown in experiment and theory that subsurface mobile carriers can be probed quantitatively by their response to an infrared near field. The spatial resolution can probably be improved beyond the demonstrated 30 nm by reducing background, 11 by increasing signal/noise Fig. 2 measured at four different wavelengths, demonstrating 30 nm resolution and a contrast reversal when the infrared wavelength tunes through the induced plasmon resonance, here r Ϸ10 m; ͑b͒ simultaneously mapped topography, note the essential flatness; ͑c͒ designed width of doping stripes ͑black͒. ͑d͒ The calculated infrared near-field contrast for two wavelengths, together with observed data points from ͑a͒ 8ϫ scaled for background correction, allows to uniquely extract the mobile electrons' density n e ϭ(4.2Ϯ0.2)ϫ10 19 cm
Ϫ3
. through interferometric detection, 10 and by using sharper tips. The results suggest extending the s-SNOM to multiwavelength operation, possibly using quantum cascade lasers or broadband THz emitters. This would determine density and mobility in a very broad carrier density range. An interesting application of localized infrared probing is to map conduction phenomena such as Cooper pairs in superconductors, potential modulation in C nanotubes, 14 or edge states in two-dimensional electron systems, 15 and seems especially valuable when performed at a matched wavelength, e.g., to Cooper pair breaking, plasmon-phonon coupling, or cyclotron resonance, all of which constitute well-established elementary solid-state excitations not yet spectroscopically investigated on a nanometer scale.
